Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous pollutants, some of which have been listed as priority pollutants by the U.S. Environmental Protection Agency (Shuttleworth and Cerniglia, 1995) . The primary sources of environmental contamination by PAHs are from human activities such as fossil fuel combustion and industrial processing and, to a lesser, extent from natural phenomena such as forest fires (Neff, 1979; Shuttleworth and Cerniglia, 1995) . Many PAHs are known to be carcinogenic (Cerniglia, 1992) . Actually, some of the first descriptions of chemical carcinogenicity have been linked to PAHs. Potts (1775) attributed excess scrotal cancer in chimney sweeps to soot, and von Volkmann (1875) linked skin cancer in coke workers to coal tar. The active carcinogens of coal tar and soot were shown to be PAHs as early as 1933 by Cook and colleagues. PAHs that are complete carcinogens must undergo metabolic transformations to a more electrophylic compound, because the parent structures are not very reactive chemically (Jerina et al., 1978) . The most reactive PAH metabolites are the hydroxylated and epoxidated isomers that form a bay region (Jerina et al., 1978) . These diolepoxides have been shown to be reactive with DNA (Jerina et al., 1991) . Metabolic transformation is essential since the first stage of cancer, known as tumor initiation, requires a random genotoxic (mutagenic) event. Normal stem cells produce daughter cells that can terminally differentiate. Specific mutations can result in a stem cell losing its ability to produce terminally differentiated daughter cells, thus, transforming a normal stem cell into a potentially initiated cell (Trosko et al., 1993) .
Although the first stage of cancer requires the metabolic activation of PAHs, the subsequent stage of carcinogenicity known as tumor promotion does not require strong electrophiles capable of DNA damage (Trosko et al., 1983; Holder et al., 1993) . Tumor promotion is a reversible epigenetic event that leads to the clonal expansion of an initiated cell (Trosko et ai, 1993) . The clonal expansion of an initiated cell has been linked to the down-regulation of intercellular communication through protein channels called gap junctions (Yotti et al., 1979; Yamasaki, 1990; Trosko et al, 1990) . Evidence supporting the hypothesis that tumor promotion is linked to gap junctional intercellular communication (GJIC) is as follows (Trosko et al., 1993) : most if not all cancer cells have dysfunctional GJIC; endogenous and exogenous tumor-promoting agents such as tumor necrosis factor and 12-tetradecanoyl phorbol-13-acetate reversibly inhibit GJIC; oncogenes such as src, ras, neu, mos, and raf down-regulate GJIC; tumor suppressor genes and anti-tumor promoters (i.e., retinoids, green tea components) up-regulate GJIC; and transfection of gap junction genes into GJIC deficient and tumorigenic cells restores GJIC and normal growth regulation.
Understanding the molecular basis of the carcinogenicity of chemicals (i.e., PAHs) will therefore need to include a study of epigenetic events such as GJIC. The need to study nongenotoxic mechanisms is particularly important for chemicals that are not complete carcinogens yet have cocarcinogenic and/or tumor-promoting activity. PAHs that are known to have cocarcinogenic or tumor-promoting activities are fluoranthene, 3-methylcholanthene, and pyrene (Rusch et al., 1942; Hoffman and Wynder, 1962; Roe, 1963; and Wang and Busby, 1993) . However, studying nongenotoxic mechanisms should not be restricted to tumor-promoting PAHs, since a complete carcinogen must also affect the tumor-promoting stage of cancer.
PAHs known to down-regulate GJIC are pyrene, phenanthrene, 9-methylanthracene, fluoranthene, and 1-methylfluorene, whereas anthracene and fluorene are not very inhibitory (Upham et al, 1994) . The increased toxic effect of PAH methylation on GJIC needs to be investigated based upon research showing that methylchrysenes are much more carcinogenic than the parent hydrocarbon (Hecht et al, 1976) . In addition, the most abundant PAHs found in cigarette smoke are the methylated anthracenes and phenanthrenes (Severson et al, 1976) . Anthracene was also shown to be biomethylated to 9-methylanthracene and 9,10-dimethylanthracene both in vivo and in vitro in rats (Myers et al, 1988) .
In light of the fact that there is a need to study nongenotoxic mechanisms of PAH carcinogenicity and that carcinogenic mixtures such as cigarette smoke (Severson et al, 1976) , and crude oils (Neff, 1979) are rich in methylated PAHs, we have chosen to study the effects of the various monomethyl isomers of anthracene on GJIC in a mammalian cell culture system.
MATERIALS AND METHODS
Chemicals. Anthracene and the methylated anthracenes were obtained from Aldrich Chemical Co. (Milwaukee, WI). Sodium chloride and sodium phosphate were from EM Science (Gibbstown, NJ).
Cell culture. WB-F344 rat liver epithelial cell lines were obtained from Drs. J. W. Grisham and M. S. Tsao of the University of North Carolina (Chapel Hill, NC) (Tsao et al., 1984) . Cells were cultured in 2 ml of Dmedium (Formula 78-5470EG, GIBCO Laboratories, Grand Island, NY), supplemented with 5% fetal bovine serum (Life Technologies Inc., Grand Island, NY). The cells were incubated at 37°C in a humidified atmosphere containing 5% CO 2 and 95% air. The cells were grown in 35-mm 2 plastic petri dishes (Corning Costar Corp., Cambridge, MA) and the culture medium was changed every other day. Bioassays were conducted with confluent cultures that were obtained after 2 to 3 days of growth.
Bioassay of GJIC.
The scrape loading/dye transfer (SL/DT) technique was adapted after the method of El-Fouly et al. (1987) . The anthracenes were added to 2 ml of cell culture medium from 5 DIM stock solutions, which were made up in 100% acetonitrile. Acetonitrile is noncytotoxic and noninhibitory on GJIC up to a concentration of 2% (v/v) (Upham et al., 1995) . The volumes added to the cell cultures were typically between 5 and 30 /tl, and for a time period of 20 or 30 min under normal cell growth conditions. Acetonitrile was used as the vehicle control each time an experi- ment was conducted. Also, GJIC assays were conducted at noncytotoxic levels of the samples as determined by the neutral red uptake assay. Following incubation, the cells were washed with 3 ml of phosphate-buffered saline (PBS). Lucifer yellow was added to the washed cells and three scrapes were made with a surgical-steel-blade scalpel under low light intensities. The purpose of the three scrapes was to ensure that the scrape traversed a large group of confluent cells. After a 3-min incubation period the cells were washed with 10 ml of PBS and then fixed with 2 ml of a 5% formalin solution. The distance the dye traveled perpendicular to the scrape was measured from photographs of microscopic images (magnification, 200x) made of the fixed cells using a Nikon Diaphot-TMD epifluorescence phase-contrast microscope illuminated with an Osram HBO 200W lamp and equipped with a 35-mm FA camera (Nikon, Japan).
The distance the dye migrated was measured perpendicular from the scrape to the edge of the dye front that was visually detectable. Due to the slight irregularity of the dye front's edge, the distance along one scrape per dish was measured every 1 cm for a total of 9 cm (at 200X, 1 cm = 50 fim). The average cell length was 25 fim; therefore, the 1-cm measurement on the photograph was equivalent to approximately two cells. Each scrape chosen for photographic analysis was from a group of cells that were homogeneous in cell morphology and confluency. The 10 measurements of distance were averaged and reported as the distance the dye traveled for the chosen group of cells representing the cell population of one plate. Three plates per treatment were measured as described and the values were reported as an average ± one standard deviation.
Bioassay of cytotoxicity. Cytotoxicity was determined by the neutral red uptake assay according to the method of Borenfreund and Puerner (1985) . WB-F344 cells were grown under the same conditions and confluency as those grown for the SL/DT assay. All chemical treatments including the vehicle controls were conducted in the same manner as that done with the SL/DT assay. Following chemical treatment with the anthracenes, the cells were rinsed three times with PBS and then 2 ml of fresh growth medium containing 0.033% neutral red was added to the cells for 1 hr. Prior to adding this neutral red solution to the cells, the neutral red was incubated with D-medium for 2 hr and then centrifuged at 2000g and filtered through a 0.22-/xm Millipore syringe filter (Millipore Corp., New Bedford, MA). The time required for the adequate uptake of neutral red into WB-F344 cells was 1 hr. The extracellular neutral red was rinsed off with PBS and the cells were lysed with 2 ml of an aqueous solution containing 1% acetic acid and 50% ethanol. The lysed cells were measured spectrophotometrically for neutral red uptake at a wavelength of 540 nm and a background absorbance was measured at 690 nm.
RESULTS
The position numbers of the monomethyl isomers of anthracene are shown in Fig. 1 . In cells treated with methylated anthracenes, neither anthracene nor 2-methylanthracene inhibited GJIC up to solubility-limited concentrations of 350 /XM; however, 1-and 9-methylanthracene were both inhibitory. A two-tailed student's t test was done for each methyl- anthracene at a concentration of 50 fiM and compared to the vehicle control. Anthracene and 2-methylanthracene are not significantly different from the control at the p =s 0.1 level, whereas 1 -and 9-methylanthracene are significantly different at the p =s 0.005 level. 1-Methylanthracene was more inhibitory than 9-methylanthracene with / 50 values of 22 and 36 /XM, respectively (Fig. 2) . Inhibition of GJIC occurred within 10 min for both 1-and 9-methylanthracene (Fig. 3) . Cells treated with either 1-or 9-methylanthrace showed no cytotoxic effects as measured by neutral red uptake (Fig.  4) . As shown in Fig. 5 , cells treated with either 1-or 9-methylanthracene recovered significantly within the first hour and fully recovered within 3 hr after removing the compound.
DISCUSSION
We have specifically compared the biological effect of anthracene and the three monomethyl isomers of anthracene on GJIC. Anthracene, the parent compound, did not inhibit GJIC at concentrations up to 350 fj,M. Methylation in either the 1 or the 9 position inhibited GJIC at concentrations of 25 and 40 fiM, respectively. Methylation in the 2 position did not inhibit GJIC up to 350 //M (Fig. 2) . The methylation of anthracene in either the 1 or the 9 position begins to form a bay-like region whereas in the 2 position no bay-like region is formed. The term "bay-like region" is used to describe the angular pocket formed at the top of the benzene ring by a methyl group which is structurally similar to the sterically hindered region formed by an angular benzo ring which is commonly referred to as a bay region. A similar trend was seen between PAHs that possess a bay region (e.g., phenanthrene and fluoranthene) and a bay-like region (1-methylfluorene). These PAHs were shown to inhibit GJIC. On the contrary, PAHs that possess no bay region or bay-like region (e.g., anthracene and fluorene) were shown not to inhibit GJIC (Upham et ai, 1994) . Apparently, shifting the methyl group from the 9 to the 1 position increased the inhibition of GJIC. Note that the bay regions and bay-like regions discussed are not those formed by the well-known DNA reactive diolepoxides. The WB-F344 rat liver epithelial cells have low mixed function oxidase activity and the short time period of 10 min required for the inhibition of GJIC (Fig.  3 ) strongly suggested that metabolites of methyl anthracenes are not involved. Further, these short time response results also indicated that the mechanism of inhibition of GJIC was a posttranslational modification of the gap junction proteins.
The lack of intercellular communication in 1-and 9-methylanthracene-treated cells was not a consequence of cytotoxicity because the cells were fully competent in the uptake of neutral red (Fig. 4) . Also, the cells fully recovered from inhibition within 3 hr when the methylanthracene-containing culture medium was replaced with fresh medium (Fig. 5) . Recovery began as soon as 30 min after the fresh medium was applied, and recovery continued at a linear rate for 2 hr, during which time the cells attained a GJIC level of 80% of that of the control. This noncytotoxic, reversible inhibition of GJIC is consistent with the reversible nature of tumor promotion in vivo (Trosko et ai, 1993) .
The tumor-promoting activity of the methylated anthracenes in vivo is not known but there is some evidence that PAHs containing bay regions are cocarcinogenic in animals. For example, the carcinogenicity of benzo(a)pyrene was enhanced by phenanthrene, fluoranthene, and 3-methylcholanthrene (Rusch et ai, 1942; Roe, 1963; Van Duuren and Goldschmidt, 1976) . The promoting effect of benzo(a)pyrene was also enhanced by benzanthracene, phenanthrene, benzo(e)pyrene, fluoranthene, and 3-methylcholanthrene (Steiner and Falk, 1951; Falk et ai, 1964; Van Duuren and Goldschmidt, 1976) . These PAHs are not complete carcinogens. In particular, fluoranthene and phenanthrene were shown not to be tumor initiators (Roe, 1963; Hoffmann et ai, 1972) , and benzanthracene exhibited only weak tumorinitiating activity (Norpoth et ai, 1984; Myers et ai, 1988) . Unfortunately, very little is known about the tumor-promoting activity of most PAHs and the above evidence is insufficient to determine if bay regions or bay-like regions increase the tumor-promoting activity and inhibitory effects on GJIC. However, the evidence is at least suggestive of a structurefunction relationship and should be further explored.
Our results should also have bearing on the understanding of the molecular basis of cigarette smoke carcinogenicity. Results from mouse skin bioassays showed that the most tumorigenic portion of cigarette smoke condensate is found in the PAH-rich neutral fraction (Bock et ai, 1969; Severson et ai, 1976) . The most abundant PAHs in this neutral fraction were shown to be methylated anthracenes and phenanthrenes (1494 ng/cig) (Severson et ai, 1976) . Most of the remaining PAHs are benzo(a) pyrene, methyl chrysene, chrysene, fluoranthene, pyrene, methyl pyrene, anthracene, and phenanthrene, ranging in concentration from 24 to 360 ng/cig (Severson et ai, 1976) . Even if PAHs are metabolically activated to genotoxic agents, the constant inhalation of cigarette smoke and exposure to nonmetabolized PAHs with bay regions or bay-like regions formed with either a benzene ring or a methyl group could play a significant role in the nongenotoxic, tumor-promoting steps of cancer.
The significance of the above results shows an emerging pattern of structure-function relationships pertinent to GJIC that could help predict GJIC toxicity of untested PAHs. Also, the methylated isomers of anthracene may serve as invaluable tools in the elucidation of the signal transduction pathways involved in the posttranslational modification of the gap junction proteins. For example, a shift in the methyl position from the 1 to the 2 site resulted in a change from complete inhibition of GJIC to no effect on GJIC. These same patterns should also be observed in the induction of signal transduction pathways that are truly linked in the regulation of gap junctional intercellular communication.
